Introduction {#sec1}
============

Glycosylation is the most common posttranslational modification of secreted and membrane proteins. Different monosaccharides are linked to each other to form oligosaccharides, and one or more of the resulting glycan chains may be attached to the polypeptide backbone to form a glycoprotein. Glycans are important modulators of protein function but have functions of their own in cell/tissue structure and signaling.^[@ref1]^ Glycans are usually highly heterogeneous branched oligomers, although often very little functional information is available for specific glycan species. One of the major bottlenecks in such functional analysis is the difficulty of complete structural analysis of the full complement of glycans in a system, the glycome. However, this is somewhat ameliorated for glycan subclasses whose biosynthesis has been well studied, such as mammalian *N-*glycans, in which the oligosaccharide chain is attached to an Asn side chain (reviewed in ref ([@ref2])). The consequence of such detailed biosynthetic knowledge is that the resulting glycan structures are well established and their limited repertoire is well accepted.

Mass spectrometry (MS) is well developed for glycan profiling^[@ref3]−[@ref6]^ and for the study of glycan structures,^[@ref7]−[@ref9]^ and so it is accepted as a key tool in glycoprotein structure--function studies, although reliable medium-throughput methods for establishing the glycome remain scarce. The simplest approaches to glycoprotein structural studies involve the release of the glycans from the polypeptide chain for subsequent analysis. The most widely adopted approach for *N-*glycan release uses the enzyme peptide-N^4^*-*(acetyl-β-glucosaminyl)-asparagine amidase from *Elizabethkingia meningoseptica* (previously *Flavobacterium meningosepticum*) (PNGase F) to cleave the amide bond linking the glycan to the Asn side-chain of glycoproteins in solution and thereby release intact *N-*glycans for analysis. For MS analysis, involatile reagents and detergents, both of which are detrimental to MS analysis, are generally avoided. This simple approach works well for handling soluble glycoproteins, and the literature contains reports of a very wide variety of different protocols for release and isolation of *N*-glycans from such soluble glycoprotein samples. However, the majority of glycoproteins are membrane proteins and so demand the use of detergents and other aggressive reagents for effective solubilization, which must then be removed before MS analysis. This inherent reagent incompatibility presents a significant challenge -- how to effectively solubilize and sample all glycoproteins from a cell or tissue specimen and yet process them efficiently for sensitive MS analysis.

Adherent cells grown in culture are the workhorse of cell- and glycobiologists studying the effects of mutations, transformations, or drug treatments on physiological states under controlled experimental conditions. They offer a significant advantage over attempting to use human or animal tissue samples such as serum or biopsies, which are much more difficult to manipulate. However, recent studies using adherent cells for deep glycan profiling have used between 10 and 100 million cells^[@ref10],[@ref11]^ prohibiting anything but low-throughput studies. Most importantly, the large numbers of cells needed precludes the production of replicates. This results in the inability to report the difference between inherent sample-to-sample variability and the important variances between biologically distinct samples. There are surprisingly few reports of studies that have attempted to address this significant methodological challenge. Nakano et al. worked not on whole cells but on isolated membranes and starting from 10^7^ cells of a leukemia cell line carried out an involved, multistep procedure to release *N*- and *O*-glycans for mass spectrometric analysis.^[@ref12]^ They carried out fluorescent labeling and analyzed the resulting labeled glycans using LC--MS. This approach was well-suited to the aims of that study (detailed glycome analysis for drug-resistant and susceptible cells) but would not be readily applicable to the medium-throughput glycome profiling of cells in primary cell culture or when expensive reagents such as siRNA are used, due to the complex sample handling and the scale of the cultures used. Nagahori et al. released and isolated *N-*glycans (and all other major types of glycoconjugate glycans) from mouse embryonic fibroblast cells in culture,^[@ref13]^ initially using cells from three 10 cm dishes and, very recently, reducing this to cell pellets from one 10 cm dish ((1 to 2) × 10^6^ cells).^[@ref14]^ Their aims also included complete glycome analysis and consequently their sampling and sample handling were tailored to that goal; the result is a very complex process with many individual steps. Moreover, they did not permethylate their released glycans but instead methyl-esterified the sialic acids and carried out absolute quantitation using an internal standard, making this an inappropriate approach for medium throughput studies (and indeed that was not their goal). A similar study, also aimed at complete glycomic analysis, in this case after RNAi knockdown of two Golgi stacking factors, was published by Xiang et al.;^[@ref15]^ this study uses a similarly complex, multistep protein extraction and isolation procedure, tailored to preparing lipid linked and free oligosaccharide fractions as well as glycoprotein glycans, and does not indicate the number of cells that were used, although *N*-glycan release used 2 mg protein powder. *N*-glycan identification following permethylation was achieved using nanospray-MS, and quantitation made use of external calibration; this approach is well suited to deep glycomic profiling and absolute quantitation but is not ideal for medium-throughput analysis of a range of cultures for comparative analyses, as is our aim. The group of Jaatinen has analyzed the *N*-glycome of cultured human embryonic stem cells.^[@ref16]^ Although they do not describe how the *N*-glycoproteins are solubilized from the cells, the released *N*-glycan isolation and purification for mass spectrometric analysis is elaborate, involving many individual steps including precipitation, extraction, and several SPE steps that purify and ultimately separate sialylated from neutral species, for separate analyses, because they do not permethylate. Although this approach is not convenient for medium throughput and quantitation is very involved, it is reported that it is possible to work with 100 000 cells derived from cell cultures. Because of the lack of an approach appropriate for medium-throughput, quantitative, glycome profiling (rather than in depth glycomic analysis) that is amenable to generation of biological replicates, we have developed a novel sensitive glycan profiling approach and used it to compare wild-type (WT) and mutant Chinese hamster ovary (CHO) cells to explain the qualitative Golgi trafficking differences previously observed^[@ref17],[@ref18]^ using glycomic data.

Our method makes use of very efficient SDS solubilization of glycoproteins from whole cell lysates, combined with membrane filter devices for sample handling and *N-*glycan release. This approach is ideal for medium-throughput analysis of cultured cells because it requires only 200--500 thousand cells, the equivalent of one or two wells of a six-well culture dish. Our method should make routine MS glycan profiling of cultured cell mutants feasible and will also be easily adaptable for tissue samples where material is limited, such as fruit flies, worms, or small biopsies. We have found that our protocol is simple and efficient. Because it makes use of the filter-aided sample preparation (FASP) approach for SDS removal,^[@ref19],[@ref20]^ we have called it filter-aided *N*-glycan separation (FANGS).

Experimental Procedures {#sec2}
=======================

Cell Culture {#sec2.1}
------------

HeLa cells were selected with puromycin for clones stably expressing an shRNA directed against COG4.^[@ref21]^ HeLa cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum. Where indicated, swainsonine at a final concentration of 10 μg/mL was added to the medium. Chinese hamster ovary (CHO) cells were cultured in Ham's F12 medium supplemented with 5% fetal bovine serum.

Cell Lysis {#sec2.2}
----------

For cellular (glyco)protein extraction, the cells were washed six times with 5 mL of phosphate-buffered saline (PBS). After washing, 1 mL of fresh PBS was added onto a 10 cm tissue culture dish of cells, and the cells were dislodged using a scraper and transferred to a 15 mL plastic tube. The tissue culture dish was rinsed with 1 mL of PBS, and this was also transferred to the tube. When necessary, 10 μL of the cell suspension was removed for counting to determine the total number of cells used. The remaining cell suspension was transferred to 2 mL plastic microfuge tubes for centrifugation at 14 000*g* for 5 min. After centrifugation, the pellet was resuspended in lysis buffer (4% (w/v) SDS, 100 mM Tris/HCl pH 7.6, 0.1 M dithiothreitol) using a 1:10 pellet/lysis buffer volume ratio. The sample was heated to 95 °C for 5 min. The lysate was centrifuged at 14 000*g* for 10 min, and the supernatant was collected and kept at −80 °C.

FANGS {#sec2.3}
-----

The supernatant collected after cell lysis was transferred to a 1.5 mL plastic microfuge tube. Urea solution (8 M in 100 mM Tris/HCL pH 8.5) was added to the sample in a ratio of 10:1 urea solution to sample solution by volume. An aliquot of this mixture (250--300 μL) was transferred to an ultrafiltration device (Amicon Ultra-0.5, Ultracel-30 membrane, nominal mass cutoff 30 kDa, Millipore) and centrifuged at 15 000*g* for 10 min, when a further 300 μL was transferred and centrifugation was repeated until all of the liquid had passed through the ultrafiltration device. The sample retained above the filter membrane was washed twice by the addition of 250 μL of the urea solution and centrifugation at 15 000*g* for 10 min.

Freshly prepared 40 mM iodoacetamide in urea solution (300 μL) was added to the ultrafiltration device and mixed well. The device was placed in the dark at room temperature for 15 min before being centrifuged for 10 min. Urea solution (250 μL, 8 M) was added to the ultrafiltration device and centrifuged for 10 min at 15 000*g* for 5 min. The sample retained above the filter membrane was washed four times by the addition of 250 μL of 50 mM ammonium bicarbonate (pH 7.5 to 8) and centrifugation at 15 000*g* for 10 min. The ultrafiltration device was transferred to a new collection tube, and 100 μL of 50 mM ammonium bicarbonate solution was added, followed by 8 U (8 μL of 1000 U/mL solution in 5 mM potassium phosphate, pH 7.5) of PNGase F from *Elizabethkingia miricola* (Sigma). The ultrafiltration device was sealed with Parafilm and incubated at 37 °C for 16 h. After incubation, the device was centrifuged for 15 min at 15 000*g* and washed twice with 250 μL of water (HPLC grade) followed by centrifugation for 10 min at 15 000*g*. The released *N*-glycans in solution were retrieved from the collection tube.

Permethylation {#sec2.4}
--------------

The *N*-glycan solution from FANGS was transferred to a glass screw-capped tube and dried in a vacuum centrifuge. The sample was redissolved in ∼600 μL of dimethyl sulfoxide (DMSO) and agitated manually. Two pellets of sodium hydroxide were crushed in a mortar, and ∼25 mg of the powder was added to the sample. The sample was manually agitated once before repeated additions of iodomethane as follows: ∼375 μL was added and left for 10 min; then, ∼375 μL was added and left for a further 10 min; finally, ∼750 μL was added and left for a further 20 min. Approximately 1.5 mL of 100 mg/mL sodium thiosulfate solution was added to the sample and vortexed to quench the reaction. Immediately ∼1.5 mL of dichloromethane was added and the tube was vortexed. After separation of the phases, the upper layer was removed and the retained organic layer was washed sequentially 15 times, each with ∼1.5 mL of water (HPLC grade). The organic layer was taken to complete dryness under vacuum.

MALDI-MS Analysis {#sec2.5}
-----------------

Two μL of a solution of 20 mg/mL 2,5-dihydroxybenzoic acid (DHB) in 70% methanol was mixed with 1 μL of 0.5 M NaNO~3~ and 2 μL of the permethylated glycan solution (total volume of glycan solution was 20 μL in methanol), and 2 μL of this mixture was spotted onto a MALDI target plate and allowed to air-dry.

### TOF--MS {#sec2.5.1}

A Bruker Daltonics ultraflex III TOF/TOF mass spectrometer equipped with a Smartbeam laser was used in positive-ion mode. The mass spectrometer was calibrated externally using a Bruker Peptide Mix II MALDI standard preparation. Mass spectra were recorded over the *m*/*z* range 800--4000 using a total of 4000 shots in steps of 800, which were summed to give one spectrum. One spectrum was recorded from each sample spot. The laser power setting was varied over the range 40--65%.

### FT-ICR--MS {#sec2.5.2}

A 9 T solariX FT mass spectrometer (Bruker Daltonics) was operated in MALDI positive ion mode. The mass spectrometer was calibrated externally using a Bruker Peptide Mix II MALDI standard preparation. Mass spectra were recorded over the *m*/*z* range 500--6000, acquiring 32 scans, with each scan being derived from 30 laser shots. One spectrum was recorded from each sample spot. The laser power was set at 35%.

For quantification of relative glycan abundance, seven batches of WT, five batches of ldlB, and four batches of ldlC cells from a 10 cm dish (1.5 to 2.5 × 10^6^ cells each) were processed using FANGS, and MALDI-TOF--MS data from each batch were collected. The Bruker FlexAnalysis software was used to smooth the data (Savitzky-Golay). Following smoothing, all glycan signal intensities assigned a *S*:*N* \> 3 by the software were selected, and those belonging to the same species (same isotopic envelope) were summed to generate a total signal intensity for each glycan species. The total intensities of the isotopic envelope signals for the glycan species common to all three cell lines were summed within each spectrum. This sum of intensities was used to normalize the intensity of the signal for each glycan within a given spectrum. To generate Figure [3](#fig3){ref-type="fig"}c, the normalized intensities of signals for individual glycan species from either the WT or the mutant data sets were averaged and plotted using Excel; the error bars indicate standard error of the mean.

Statistical significance for the differences between relative glycan abundance was determined using one-way ANOVA analysis and a Tukey--Cramer multiple comparisons post hoc test. Each glycan was individually evaluated to test for differences between the glycans from the three cell lines.

Results and Discussion {#sec3}
======================

A simple and rapid protocol has been developed for glycoprotein solubilization from whole cell lysates, followed by *N*-glycan release in a high-molecular-weight cutoff (30 kDa) filter device (Figure [1](#fig1){ref-type="fig"}) and *N*-glycan isolation for MS analysis. Whole cells are solubilized by boiling in buffered SDS solution. SDS can be efficiently removed and exchanged for a suitable buffer using spin filter devices;^[@ref19],[@ref20]^ we make use of a similar approach to remove SDS from our cell lysates. The solubilized cell lysate in buffered SDS solution is placed in the spin filters; SDS is exchanged with urea solution; then, reduced disulfide bonds in the proteins are chemically modified using iodoacetamide. Subsequently the urea solution is exchanged for volatile ammonium bicarbonate buffer. In our procedure, the membrane filtration unit acts as a small reactor, in which PNGase F digestion is used to release the *N*-glycans (Figure [1](#fig1){ref-type="fig"}). Although some (but not all) commercial PNGase F protocols recommend the use of the enzyme on tryptic glycopeptides rather than on intact glycoproteins, boiling the samples in SDS presumably denatures the glycoproteins sufficiently to allow the effective glycan release we show here from undigested glycoproteins. After overnight incubation with PNGase F, the released glycans are retrieved from the collection tube following centrifugation, because once released from the polypeptide, the *N*-glycans readily pass through the membrane. We have analyzed these glycans following permethylation to exploit the excellent MS response of permethylated glycans.^[@ref22]^ Positive-mode MALDI-MS was then used to analyze the samples obtained, taking advantage of the relative quantitation shown to be possible from relative MALDI signal intensities of permethylated glycans.^[@ref23]^

![Schematic of FANGS protocol for cell lysate preparation from cultured cells, *N-*glycan release, and sample handling in membrane filter devices. (a) Extraction of glycoproteins from whole cells and (b) release and permethylation of *N*-glycans.](pr-2013-01043r_0002){#fig1}

Validation of FANGS Using Well-Characterized Systems {#sec3.1}
----------------------------------------------------

To validate the FANGS protocol, we analyzed two standard samples using this approach. First, a soluble glycoprotein, fetuin, was chosen as a very well-characterized, commercially available standard, described in the literature to bear bi- and triantennary sialylated *N*-glycan structures.^[@ref24]^ Second, to test applicability with cultured cells, we grew HeLa cells and (glyco)proteins were solubilized from the whole cells. Both the fetuin and the HeLa cells were processed using the FANGS protocol, and the released *N*-glycans from the two samples were permethylated for MALDI-MS analysis.

In Figure [2](#fig2){ref-type="fig"}a--c, MALDI mass spectra of permethylated FANGS-released *N*-glycans from fetuin are presented. Monoisotopic \[M+Na\]^+^ signals are observed at *m*/*z* 2792.53 (NeuAc~2~Hex~5~HexNAc~4~), 3241.85 (NeuAc~2~Hex~6~HexNAc~5~), and 3603.01 (NeuAc~3~Hex~6~HexNAc~5~), with a final signal centered around *m*/*z* 3965.71 (NeuAc~4~Hex~6~HexNAc~5~) in Figure [2](#fig2){ref-type="fig"}a and at *m*/*z* 3963.92/3963.88 in Figure [2](#fig2){ref-type="fig"}b,c. The signal at *m*/*z* 3965.71 corresponds to a species incorporating two ^13^C atoms -- the monoisotopic signal for this species is weak in this spectrum due to the glycan's high molecular mass. Our spectra are very similar to that reported by Kang et al., who used fetuin as a standard glycoprotein in the development of their solid-phase permethylation procedure (see figure 5 in ref ([@ref25])). These data also highlight the reproducibility of FANGS, given the similarity of the spectra in Figure [2](#fig2){ref-type="fig"}a--c, even though we have chosen to present data from two different instruments (FT-ICR in Figure [2](#fig2){ref-type="fig"}a and reflectron TOF in Figures [2](#fig2){ref-type="fig"}b,c).

![(a--c) Positive-mode MALDI mass spectra of permethylated FANGS-released *N*-glycans from 2.5 μg fetuin: (a) 1/10th of the *N*-glycan sample loaded onto the MALDI plate for analysis by FT-ICR and (b,c) 1/20th of the *N*-glycan sample loaded onto the MALDI plate for analysis by TOF-MS. (d--f) MALDI-TOF mass spectra of permethylated FANGS-released *N*-glycans from (d) WT HeLa cells, (e) HeLa cells treated with 10 μg/mL swainsonine, and (f) COG4KD cells. Each spectrum is derived from cells collected off one confluent 10 cm dish, approximately 2 to 3 × 10^6^ cells. Peaks derived from contaminating cellulose oligomers are indicated with \*. *N*-Glycan structures are denoted following the conventional symbols described in ref ([@ref36]). Peak intensities in each spectrum are normalized to the most intense signal in the spectrum.](pr-2013-01043r_0003){#fig2}

The MALDI mass spectrum of the permethylated *N-glycans* from WT HeLa cells (Figure [2](#fig2){ref-type="fig"}d) contains \[M+Na\]^+^ glycan signals for oligomannose glycans at *m*/*z* 1579.91 (Hex~5~HexNAc~2~), 1784.00 (Hex~6~HexNAc~2~), 1988.11 (Hex~7~HexNAc~2~), 2192.21 (Hex~8~HexNAc~2~), and 2396.33 (Hex~9~HexNAc~2~) and at *m*/*z* 2600.48 for the glucosylated analogue of the Man~9~ species (Hex~10~HexNAc~2~). Processed oligo-mannose species, with and without fucose, give rise to the signals at *m*/*z* 1141.69 (FucHex~2~HexNAc~2~), 1171.71 (Hex~3~HexNAc~2~), 1345.79 (FucHex~3~HexNAc~2~), and 1375.83 (Hex~4~HexNAc~2~), while hybrid glycans yield the signals at *m*/*z* 2028.98 (Hex~6~HexNAc~3~) and 2390.13 (NeuAcHex~6~HexNAc~3~). Fucosylated complex glycan signals were observed at *m*/*z* 2244.29 (Fuc~1~Hex~5~HexNAc~4~) and 2693.24 (Fuc~1~Hex~6~HexNAc~5~), with sialylated species detected at *m*/*z* 2605.48 (NeuAc~1~Fuc~1~Hex~5~HexNAc~4~), 2792.32 (NeuAc~2~Hex~5~HexNAc~4~), and 2966.92 (NeuAc~2~Fuc~1~Hex~5~HexNAc~4~). This spectrum is similar to that reported in a recent analysis of HeLa cell *N*-glycans released in solution following tryptic digestion (see figure 4A in ref ([@ref26])); the major signals observed in the two studies are the same, and the relative intensities of the signals for those species are very comparable. Having validated the FANGS protocol and shown that it is applicable for both soluble glycoproteins and cultured cells, we then went on to use the protocol for *N*-glycan profiling of differently treated as well as mutant cell lines.

Application of FANGS to the Comparison of WT and Treated HeLa Cells {#sec3.2}
-------------------------------------------------------------------

The *N*-glycan structures produced upon different treatments in a given cell line can be used to address the mechanism of action of a drug or biological pathway influencing glycosylation. We therefore decided to test whether FANGS is suitable for revealing the differences expected in *N*-glycosylation of wild-type and differently treated HeLa cells. Swainsonine, a well-characterized α-mannosidase II inhibitor that prevents the formation of complex glycans but promotes hybrid glycan formation,^[@ref27]^ was used. In addition, we tested HeLa cells stably expressing a Cog4 shRNA, to deplete a subunit of the conserved oligomeric Golgi (COG) complex.^[@ref21]^ COG is responsible for maintaining the proper vesicle-mediated sorting of glycosylation enzymes to their cisternal locations.^[@ref28],[@ref29]^

Treated HeLa cells were grown to confluence in 10 cm dishes, the *N-*glycans were obtained using the FANGS protocol, and MALDI *N*-glycan profiling was performed following permethylation, in the same way as for the WT HeLa cells. Representative spectra are shown in Figure [2](#fig2){ref-type="fig"}e,f. The MALDI mass spectrum of the permethylated *N-*glycans from WT HeLa cells treated with swainsonine contains intense \[M+Na\]^+^ signals (Figure [2](#fig2){ref-type="fig"}e) for oligomannose glycans (*m*/*z* 1579.92, 1753.97 (FucHex~5~HexNAc~2~), 1783.10, 1988.06, 2192.16, and 2396.24). The signal at *m*/*z* 2600.21 corresponds to a monoglucosylated Man~9~GlcNAc~2~ species. Hybrid glycans were observed (*m*/*z* 2028.93 (Hex~6~HexNAc~3~), 2377.28 (Fuc~2~Hex~6~HexNAc~3~), 2390.13 (NeuAcHex~6~HexNAc~3~), and 2564.35 (FucNeuAcHex~6~HexNAc~3~)), as well as a very small amount of the fully trimmed fucosylated glycan core at *m*/*z* 1345.60 (FucHex~3~HexNAc~2~). Swainsonine treatment thus had a marked effect on the distribution of *N*-glycans; complex glycans were no longer detected, while hybrid *N*-glycans predominated in the sample. Thus FANGS was readily able to provide a readout of the effect of swainsonine treatment by revealing the switch from complex to hybrid *N*-glycans.

Cog4 shRNA-treated (COG4KD) cells gave a complement of \[M+Na\]^+^ signals (Figure [2](#fig2){ref-type="fig"}f), similar to those observed from the WT HeLa cells, with signals at *m*/*z* 1141.58, 1171.59, 1345.67, 1375.67, 1579.79, 1783.89, 1987.99, 2192.08, 2396.18, 2600.30, 2605.28, and 2966.43. The signal at *m*/*z* 2244.29 (Fuc~1~Hex~5~HexNAc~4~) seen in the spectrum from WT samples is not observed, while an ungalactosylated triantennary glycan at *m*/*z* 2081.99 (FucHex~3~HexNAc~5~) as well as the hybrid glycan at *m/*z 2390.27 (NeuAcHex~6~HexNAc~3~) were detected in the spectra from the COG4KD cell samples. The relative intensities of some glycans have also been altered; in particular, there is a reduction in the relative abundance of the Man~5~ compared with the larger oligomannose species in the Cog4KD cells. In addition, an increase in the hybrid glycan signals and a decrease or absence of sialylated glycan signals is evident in the knock-down compared with the WT cells. These observations are in line with the effects expected from a COG defect, which is the mistargeting of enzymes throughout the Golgi leading to less efficient glycan processing.^[@ref28]^

Thus FANGS allows the detection of qualitative differences between different cell lines, such as the differences in trimming efficiency between WT and COG4KD HeLa cells, or the switch from complex to hybrid glycans upon swainsonine treatment. The main advantage of our new method in this case is the possibility to investigate a multitude of conditions, indicating that FANGS can be used to study both biological and chemical effects upon the *N*-glycosylation process. The ultimate challenge, though, is to obtain glycan profiles in which small but significant changes in the levels of individual glycans can be determined in a statistically robust way. To test if FANGS is applicable for this sort of analysis, we chose to investigate three Chinese hamster ovary (CHO) cell lines.

Application of FANGS to the Study of WT and Mutant CHO Cells {#sec3.3}
------------------------------------------------------------

By studying the *N*-glycan structures produced by WT and mutant CHO cell lines, fundamental questions about the biosynthesis of these glycans can be answered.^[@ref30]^ LdlB cells are a mutant CHO cell-line-deficient in Cog1,^[@ref31]^ a subunit of the COG complex.^[@ref29]^ Studying these cells also makes it possible to address questions surrounding congenital glycosylation disorders that result from COG mutations.^[@ref32]^

WT and mutant CHO cells were grown in culture in 10 cm dishes, and the *N-*glycans were obtained using the FANGS protocol. MS *N*-glycan profiling was performed following permethylation (data summarized in Table [1](#tbl1){ref-type="other"}). Such experiments have been carried out very many times; here we present examples of those data, choosing typical FT-ICR and TOF spectra.

###### *N*-Glycan Profiles from WT and Mutant ldlB CHO Cells[a](#t1fn1){ref-type="table-fn"}

![](pr-2013-01043r_0001){#fx1}

√ = observed; - = not observed.

The MALDI mass spectrum of the permethylated *N-*glycans from WT CHO cells contains \[M+Na\]^+^ signals (Figure [3](#fig3){ref-type="fig"}a) for complex glycans (*m*/*z* 1835.98, 2081.07, 2244.29, 2519.29, 2605.48, 2792.35, 2966.92, 3054.51, and 3415.63), oligomannose glycans (*m*/*z* 1579.83, 1783.93, 1988.04, 2192.21, and 2396.33), a glucosylated oligomannose glycan (*m/*z 2600.29), and fucosylated and/or trimmed oligomannose glycans (*m*/*z* 1141.62 (Fuc~1~Hex~2~HexNAc~2~), 1171.63 (Hex~3~HexNAc~2~), 1345.72 (Fuc~1~Hex~3~HexNAc~2~), and 1375.73 (Hex~4~HexNAc~2~)), as previously reported in a glycomic profiling study of CHO cells.^[@ref11]^

![(a,b) MALDI-TOF mass spectra of permethylated FANGS-released *N-*glycans from (a) WT CHO and (b) ldlB cells. Cellulose oligomer contamination peaks are indicated with \*. (c) Bar chart representing the relative intensities of the MALDI-TOF-MS signals for the different *N*-glycan species detected in WT, ldlB, and ldlC cells. The glycan intensities in each individual spectrum are normalized to the sum of intensities in a given spectrum for the subset of glycans that are common to all three cell lines. Standard errors of the mean are shown for WT CHO cells (*n* = 7), ldlB cells (*n* = 5), and ldlC cells (*n* = 4). Statistically significant differences between relative glycan peak intensities are indicated: \*\*\* for *p* \< 0.001, \*\* for *p* \< 0.01, and \* for *p* \< 0.05. None of ldlB- and ldlC-derived glycan samples showed a significant difference when compared with each other. The differences between WT and the two mutants showed similar significance, except for the Hex~3~HexNAc~4~ and the Fuc~1~Hex~4~HexNAc~4~ species. For both of these species, the ldlC-derived glycans showed differences of lower significance when compared with WT than for the ldlB compared with WT. For the Fuc~1~Hex~4~HexNAc~4~ species, the difference between WT and ldlC was not significant.](pr-2013-01043r_0004){#fig3}

Mutant ldlB cells gave a complement of \[M+Na\]^+^ signals similar to that from the WT cells, with signals at *m*/*z* 1171.56 (Hex~3~HexNAc~2~), 1345.66 (Fuc~1~Hex~3~HexNAc~2~), 1375.67 (Hex~4~HexNAc~2~), 1835.89 (Fuc~1~Hex~3~HexNAc~4~), 2081.00 (triantennary Fuc~1~Hex~3~HexNAc~5~), and *m*/*z* 1579.77, 1783.86, 1987.94, 2192.04, and 2396.14 (for oligomannose glycans). In addition, signals at *m*/*z* 1416.68 (Hex~3~HexNAc~3~), 1661.82 (Hex~3~HexNAc~4~), 1865.90 (Hex~4~HexNAc~4~), 2039.97 (Fuc~1~Hex~4~HexNAc~4~), and 2111.01 (triantennary Hex~4~HexNAc~5~), corresponding to incompletely processed complex glycans, were detected (Figure [3](#fig3){ref-type="fig"}b). These signals were not detected in the spectra of the WT samples. In addition, the NeuAc~1~Fuc~1~Hex~5~HexNAc~4~ glycan (at *m*/*z* 2605.37) detected in the WT sample was not observed in the spectrum from the ldlB mutant cell sample. Moreover, the relative intensities of the signals of several *N*-glycan species were observed to change (Figure [3](#fig3){ref-type="fig"}c). To assess the fine details of the inherent differences between the WT and mutant glycan profiles, we have made use of the possibility that FANGS offers of collecting several independent sample repeats, thereby assessing the biological variability.

Consequently, seven separate cultures of WT CHO cells, five different cultures of mutant ldlB cells, and four different cultures of ldlC cells were grown, their *N*-glycans were prepared using FANGS, and the relative intensities of the signals from the permethylated glycans were determined using MALDI-TOF-MS (Figure [3](#fig3){ref-type="fig"}c). We have taken the approach of comparing relative signal intensities of permethylated glycans using MALDI-MS^[@ref16],[@ref33]^ to determine relative quantitative information. We are able to assess biological variability by studying biological replicates and whether differences are significant by virtue of having standard deviation information. Such an approach of studying replicates was not feasible when working at the 10^7^ to 10^8^ cell levels^[@ref11]^ that were necessary for the purposes of deep-glycan profiling. Deep profiling is not required for our experiments that aim not to exhaustively define the glycome of a single cell line, but instead to observe sufficient glycans to draw conclusions about the nature of the differences between glycan profiles of WT and mutant cell lines.

Using our approach, we can see, for example, that oligomannose glycans are apparently trimmed more efficiently in the mutant cells because the Hex~5~ species is more prominent in the ldlB and ldlC cell samples, whereas the Hex~6~-Hex~9~ species are all more prominent in the samples from the WT cells. This may represent a lack of efficient GlcNAc-1-phosphotransferase processing in the mutant, which channels the oligomannose glycans into the lysosomal sorting pathway and thereby prevents further trimming.^[@ref34]^ Furthermore, in addition to the absence of signals for sialylated glycans in the spectra from ldlB cell samples and the detection of incompletely processed complex glycans (such as FucHex~3~HexNAc~5~) from ldlB cells that are not detected from CHO cells, significant differences between other partially processed glycans can also be observed. Signals for the Hex~3~HexNAc~3~ and FucHex~3~HexNAc~4~ species are both much more prominent in the spectra from the mutant samples (Figure [3](#fig3){ref-type="fig"}c), pointing to a delay in the very early processing of complex glycans. The comparative glycan profiling approach we present here can therefore, by showing small but significant differences in related glycan structures, point to alterations in biosynthetic enzyme functions that simple enzymatic rate measurements could not recapitulate, mainly due to the importance of enzyme localization during glycan biogenesis.

We can therefore conclude that in our experiments WT ldlB and ldlC mutant CHO cells all produce oligomannose glycans, but the complex biantennary glycans produced by the WT cells are not detected from the mutant cells; instead, truncated biantennary species are observed. Our results are therefore in line with previous qualitative assessments of WT CHO, ldlB, and ldlC cells.^[@ref17]^ It is known that the COG complex has a significant impact on enzyme recycling in the Golgi and therefore guides glycosylation maintenance.^[@ref28]^ The presence of these truncated structures is thus likely to be due to the mislocalization or degradation of the glycosylation enzymes in the mutant cells, as reported for mannosidase II in ldlB and ldlC cells.^[@ref18]^ Our results suggest that the most severely affected processing enzymes are galactosyl- and fucosyltransferases because it is the widespread absence of completed complex *N-*glycans that is the most striking difference between the glycans identified from the WT and mutant cells, but *N*-acetylglucosaminyl transferases are probably affected too. Detailed systems-level modeling of the glycosylation machinery will be necessary to describe all of the alterations in glycosyltransferase levels in the mutant cells. Although such modeling is beyond the scope of this study, the precision and throughput with which differences in glycan profiles can be measured with our new method will be important for developing precise computational models.

Glycan profiling has previously been performed on serum-derived *N-*glycans of a Cog1-deficient patient.^[@ref35]^ Although that profile also shows a reduction in the levels of completed complex glycans in the absence of functional Cog1, the defects are generally less severe because not all of the most highly processed forms are missing. This is probably due to the allele in the patient causing a partial loss of Cog1 function as opposed to the full loss of the subunit in ldlB cells. It will be interesting to see how expression of a Cog1 transgene carrying the patient mutation will influence the glycan profile of ldlB cells, an experiment now rendered straightforward using our FANGS glycan profiling approach.

Cell Number Limits of Applicability of the FANGS Method {#sec3.4}
-------------------------------------------------------

Although working with 10 cm dishes is clearly compatible with the analysis of several repeats of several different cell lines, it can be prohibitive when culturing difficult primary cells or cultures that require expensive media. We therefore sought to further miniaturize our sample handling by reducing the number of cells used for *N-*glycan profiling using the FANGS approach. WT CHO cells were processed from one well of a six-well plate, providing a six-fold smaller surface area than a 10 cm plate and consequent reduction in cell and reagent quantities.

A typical mass spectrum obtained from the permethylated CHO cell *N-*glycans from a sample derived from 3.8 × 10^5^ cells is shown in Figure [4](#fig4){ref-type="fig"}. The spectrum showed a very similar set of glycans to those detected from samples derived from a 10 cm dish (typically six times more cells), including the expected oligomannose type and complex glycans (Table [2](#tbl2){ref-type="other"}). Detection of fucosylated and fully sialylated bi- and triantennary complex glycans well above *m*/*z* 3000 indicates that 400 000 cells are sufficient for the reliable detection of the major *N*-glycans from CHO cells using the FANGS sample preparation approach. Given the quality of this spectrum, it is possible that cell numbers could be even further reduced. However, it is likely that to detect very minor glycan components, especially if these are of very high mass, half a million cells or more will be needed.

![MALDI-TOF mass spectrum of permethylated FANGS-released *N-*glycans from 3.8 × 10^5^ WT CHO cells (one well of a six-well plate). Peak intensities are normalized to the most intense signal in the spectrum.](pr-2013-01043r_0005){#fig4}

###### WT CHO Cell *N*-Glycans Detected from 3.8 × 10^5^ Cells (One Well of a Six-Well Plate)

  *m*/*z*   composition
  --------- -------------------------------
  967.4     Hex~2~HexNAc~2~
  1141.5    Fuc~1~Hex~2~HexNAc~2~
  1171.5    Hex~3~HexNAc~2~
  1345.6    Fuc~1~Hex~3~HexNAc~2~
  1375.6    Hex~4~HexNAc~2~
  1416.6    Hex~3~HexNAc~3~
  1579.7    Hex~5~HexNAc~2~
  1661.8    Hex~3~HexNAc~4~
  1783.8    Hex~6~HexNAc~2~
  1835.8    Fuc~1~Hex~3~HexNAc~4~
  1987.9    Hex~7~HexNAc~2~
  2039.9    Fuc~1~Hex~4~HexNAc~4~
  2069.9    Hex~5~HexNAc~4~
  2192.0    Hex~8~HexNAc~2~
  2244.0    Fuc~1~Hex~5~HexNAc~4~
  2396.1    Hex~9~HexNAc~2~
  2605.1    NeuAc~1~Fuc~1~Hex~5~HexNAc~4~
  2693.1    Fuc~1~Hex~6~HexNAc~5~
  2792.3    NeuAc~2~Hex~5~HexNAc~4~
  2966.2    NeuAc~2~Fuc~1~Hex~5~HexNAc~4~
  3054.3    NeuAc~1~Fuc~1~Hex~6~HexNAc~5~
  3415.5    NeuAc~2~Fuc~1~Hex~6~HexNAc~5~
  3776.7    NeuAc~3~Fuc~1~Hex~6~HexNAc~5~

The FANGS protocol was developed to allow solubilization, release, and isolation of *N-*glycans from glycoproteins in cell lysates in a miniaturized approach for medium throughput analyses of cultured cell lines. It has proved to be a very sensitive tool for preparing samples for *N-*glycan profiling of WT, treated, and mutant cells, allowing the precise comparison of differences in cellular glycan repertoires. This method should be invaluable for determining small quantitative differences in *N*-glycan profiles, thereby allowing the potential functional contributions of individual *N*-glycans to cellular phenotypes to be assessed.
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